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GiliDANCE A N D  CONTRGL 

-- I * I -  First n a v i g a t i c n  i s  pcrformed,  cecic~r.; , I  12; t inc. 
acticns a r e  de-! :dl a n d  wit:-. d-, 

end po in t  and  ~ . p i  ..;rc you  crc ,  i - .c ; ;~ ; - .  b 

o t h e r .  TI-,c 9 6 . .  12nce systcm, w * . . ,  I : X  5 

dcst inai- ion.  C c . .  :.;01 t hcn  kc ; the VC..?.CL i;n :;..; 

fligl.,? pa th  by rncans of actuctor-s ,  actir,g LC the  

dcvc:io;,. 

, -  

. .  
,..I 

dc te rmincs  t h c  Lest  pa th  i o  i c j i  -,,/ to c 

v c h i c l c .  Wc wi l l  s c e  examples  of reseii:iii cnd j 

cot2tril;k.. :,g to thc t cchno logy  of the v e h i c l e  

. . -  

, - .  

1 

I 
i ;n t  i n  cach of thesc  b locks ,  a i K r c . 6  at  

navigcr;I ., guiciancc a n d  cont ro l  for  use by futu!.- I 

s p o c c  o. C I ~ I L  .dei-ical pro icc ts .  Fig. 1 

I I f  . .  Ir;ipoi-tcfi'i to such  ;L';~;'c;c~ work 1 5  tr'4L < ; 2 : ~ . . ~ , l  1 >l.i- 

1 ' '  m e n t  of t c c h n i c a l  reciul..iri.:tnf:--go~l;;, . : i  Y G ~ J  

wiil-for ou r  program e i l ~ , . i ~ .  How t hese  rcqtiirc- 
mcnts  i n f i u e n c e  t h e  emp;!,s:b o n  s p e c i f i c  device :  
can be t r a c e d  in t h e  fo l lowing  :cqucncc .  
ct :-igur<: 2 ~ G W S ,  t h e  mission t imc demands  
r L - . ; c a ~ c  c .-c.i-ing life of o u r  subsystems. Shown 
c1-z :cprc..,..-.:-:lvc high thrust  missions of the 
future, a n d  :,.c associckc. rclicble life requi re -  
menis  in  years. N o t  il?ciud;i. of course ,  is t h e  
a m o u n t  of c o n f i d e n c e  oc.2 
t h e  subsystems..  . is i t  G pImcr/ systcrn, a 

- c  . 
. -  

First ,  

- I '  

. I  

2iace on e 3 c h  ot 

sccondury  or b a c k u p ,  is i t  m a n n e d . .  .all of which  
wil l  t h c n  d e t c r m i n e  the  requi red  r e l i ab i l i t y  

for the subsystef i .  

Bcfh r h c  rcqui rcments  for  vc ry  long life in  
n i v i g a t i o n  a n d  ' c n c e  systems, a n d  thc des i re  
to h a v c  simplc l , \ . ckup  schemcs  lead to consid-  
e r a t i o n  of munned n a v i g a t i o n  systems, i I I ustrored 
in  Figu. 3.  

P::-: to the a v a i l a b i l i t y  of a n  a d v a n c c d  spaL 

d c v c l o p e d  fo r  Amcs Research C e n t e r ,  a n  inter im 
s imula tor  is  b e i n g  used e f f e c t i v e l y .  T h e  s imulator  

r l .  
T i . , ,  . ~ u i d c ~ ~ c e  s imula t ion  f ac i l i t y  b e i n g  .- . _ _  . 

Fig. 3 

3 



h);: .<,TI considcrat ls : . is  u:;o :::;:d us to rcquir i rnents  

. , ! icuted app l i ca t ions -a  job wi th in  il mis- 
.i:t ra tes  a n d  o t h c r  requi rements  are LGrived. 

6 d1.c ihe pr inc ipa l  unmet  requirements  ir. cach 
For e x a m p l c ,  foi- c a p s u l e  maneuvei-s, d r i f t  

1.11is p a r t i c u l a r  appl I c a t i o n  
F u t u r c  gyros shiiirii. ;t;i*- 

'L,i.;; c ~ y r o s c o p c  dcvicc; ,  F igure  4. For c:ach 
(.i 

L I.,. 
<. I 

C;I ;C.  

sfcibilit-y is an unmct- !-cqu;.-crnent. 
a c h i c v i n g  long I i f c ;  
is r l i j t  o pi*&Icrfi i ~ . ,  , . 
t a i n l y  r e q u i r c  n o  t 
s t a b i l i t y .  
f i e l d  to ii-itci-fci-c wi , , .  

a n d  should  rcqu:;; Q minimum a s s o c i a t c d  C O X -  

p u f e r  c c p a S i i i t y .  

H O W G V ~ ~ ,  

.; .:i-ature o v e n  control  fs: 
... ,,:cy si:c,. \ .  h o v e  n o  e x t e r n a l  mocJrlsi ic 

:her s p a c e  instrumcni.i:fion 

Thcse rcqui rements  h a v c  Id US Fig. 4 
tc; Lorh I-esearch a n d  d e v e l o p m e n t  tasks r e l a td  to the  c r y o g c n ; c  gyro ,  F igurc  J .  Here a s u p e r -  
c o n d u c t i n g  s p h e r e  i s  suppor ted  i n  a vacuum by a f r ic t ionless  I niagrietic ;-L!d, und the posi t ion of 
,fie spacccraf i -  r e l a t i v e  to this  sphere is read  c u t  o p t i c a l l y .  

I 

!he sup~i.conductIv::y is  rna in ta incd  by 
imersing thc uait  in the v c i y  cGid l iqu i f ied  CJGS 

fuel cell of the s p a c e c r a f t .  I C R Y O C E H I C  G Y R O  ---, - 

. -  
Progress is shown by t h e  v c i y  low d r i f t  r u t e  
a c h i e v e d ,  m a t c h i n g  thc d r i f t  rcqui i -cmcnt  of 
Figure 4, c n d  ihe Ims i-cin-down t i m e  c o n s t a n t .  
I his t i m e  c o n s t c n t  i n d i c u t c s  thc p o t c n t i c l  for l m g  
life, if t h c  very  ser ious  h e a t i n g  problem und c o n -  
s e q u e n t  !os: ~f s u p c r c o n d u c t i v e  propertIC: in t h e  
supe rconducr ing  s p h e r e  c a n  Lc s o l v e d .  

T' 

Fig. 5 



ProbIcms rcrnaining io bc zolvcd Inc:Lcicr c: iL roto;- f in i sh ing  to get an cxtrcrncly zmooth a n d  
accu i -o t c  su r facc  o n  t h e  sphcvc, ,Nhick ; ~ r u : ~ ~ i x s  :o ' :IC - a so lu t ion  to >he vcry  SCVCI 'C h c u t i n y  prob- 
IC::.,; r cpca tob i l i t y  of f u b r i c u t i c n ,  Li.cau:;i: i;i thc f inish ...:. ; process  primarily;  and  thc i o c t  thai- 
s u pc !-cond u c  t i n g  ma tcr i  i: , . :ic:i~iz ~GC!U;/ ; ; q u i r e  l iqu id  he l ium :cmpcruturcs .  Hcl ium a; ci f u c l  
has  a s p c c i f i c  iri-i:;ulse ai i,.'-r-i:c:,y zc:ro. 
a b o v c  ob;olutc  zcro-this is dczircd c:?cj wc nopi. 70 b c  able t c  m a k e  that. 

~ 

. ,  1 

- 1  k j c  wa;7t to go to l iqu id  hydrogen  t empcru tu rcs  at 21" 

Anot-h c r s y  ;-os cope dcvc I o p  c.n t 

(Fl9ui-c 4 ) ,  is the loscr  gy ro ,  F igu re  6. In ttlis - - 

c a d  a four-sidcd lascr system has l igh t  go ing  i n  

< > t ( l ( , i k  ii"'" I > L , .  (;y;(u k t c e  , L i U i \ i I  '>, 

c ; ; , ; ; c i i  G :  :hc long- l i fc  rncdium a c c u r c c y  required 
*i,i,,, 

1 .., r.421:; j::: 

'Uoh d i r e c t i o n s  a round  the r ing .  
that  l i g h t  t r ave l s  u t  a c o n s t a n t  v e l o c i t y  wi thou t  
regard t; :hc -,<locity of the r....>ium th roush  
w h i c h  i t  is  passing.  
roi .ating, t hcn  Iicjht possing in  the direct ioi?  of 

I ~ . N c I -  

I f  a s ~ r r i p l e  of bofh l igh t  

P l easc  rcrnember 

I f  w e  i m a g i n c  th i s  r in3  
, 

the ro t a t ion  wi  I I h c v e  to t rave l  a I G ~ s L . ~ -  dis;.mce 
a n d  wi l l  h a v c  a lorigcr w a v e l c n g t h  c;-.il i 
frcciucni;,? t han  l i g h t  g o i n g  in  t h e  .ji.i-,ci- c:!i*cction, ? -  

' " " < % I  > , i , < i C i  

, . . . . , . . . , 

a g a i n s t  t h e  ro tc f Ion .  
b c a m s  is t a k e n  o u t  a n d  comparcd  by convcn t iona l  mic rowave  f cchn iqucs ,  t h e  a n g u l u r  1.~: : :  "., 

measured, a n d  we h a v e  a n  a n g u l a r  r a t e  sensor  useful bo th  In g u i d c n c c  a n d  c o n t r o l .  

Fig.  6 

The po ten t i a l  for Ic::z-lifc re l i ab i l i t y  c a n  be seen f : o ~  i - .  , / . ,  ,. - ! ,.. i - * iack of movicig p<;;.::,. : _, I 

is n o w  go ing  on ai- O h i o  State Universi ty  m d  a t  o h c ;  I .  . C C > S  tGWClrdS G 2. .. , , 

. I /  . 
opt imum , . 2 s  mix;L.-Ls, the  a c h i e v e m e n t  oF c s ingle  rile ,.,. o:~riiailon vi:. ;-ne mo: :c:,, 

rather t h m  p x e o u s  masers o r  lasers. ?\/en 

funclamen;::; physics  i s  n o t  ye t  unkc: . , . I .  :->:,., . ' 

.i a n d  of coursc  G I !  of i t  po in t ed  fowards u( ~. 
rc-l iabil i ty of th i s  t;/pe of sensor. 

Fig.  7 



jL:i Ti.,? f! ish; und c o r r c c t i v c  5 u i d o n c c  i'nuncuvcr-, se;&::v.? t i ~ d ~ < ! C ? ,  ,' bc i i , : , .  . .  . , <  ' 

1 

:or Ihc: iow :hius? propuis ion systcm miszion. 
ngcrish i:)ci.w;.cn n a v i g a i i o n  unc! guidc incc .  

117 fact, in thi; r c p c f i t i v c  rnodc i t  
This work is cui-rcnt ly  bcirlcj 

ioifowcd L\I : . : ~ r c  d e t a i l e d  s tudic;  of s p c c i f i c  icc l in iqucs  fo!- g u i d a n c c  of low ihru:t Lpcicccr-cift- 
ti-ajccto;ic::., which should  lcud  to t h c  forrnulution GF s tu t i s t i ca l  ly opt imal  g u i d a n c c  proccdurc:.  
Ir: 
c i i t - , , ~  -\_ 

oilc o r  m o i c  Iow-thrust  >age:. i h i :  VJ 

pcrfor inancc  of : .. :.ctory s tud ie s  foi- I .,o-%xL? missicni .  

I .; 
:ix~llc: b;ii.h the S u i d a n c c  s tudies ,  ....' c s tud ie s  d i r c c : c d  toward  t h e  u p p l i c a -  
of oLvur;ced mc:h2rnaticul tcclinic L'LS i-o the ccjcuiai-im of t r a j c c t o r i c s  fo r  v 

-7- < is G? cxtcz..s:ei-, 0;  a ma jo r  a c t i v i t y  at 

AI though cc-i:;c!craS!,: cncr lyt ical  work  r c m a i x  to b, c ~ c p ~ ~ . ~ ~ ,  i t  ha; b e e n  r e c o g n i z e d  t h a t  
s c c s o i  : C C ~  

a r c  accc . , .  ,,,,,c 

mua-i,3GwCr !,<,s p r e c l u d e d  the i n i t i a t i o n  of rcqu i r c  
is  of inicrcLr,  ho::Lver, a procui-crncnt 
d c v c l o p c d  b y  Bell Acrosystcms for  the A i r  Forcc. 

q y  - ,a21icablc. iu low-thrust  giJidc,-,cc z~- ,GJ !L  '3L I c v c ! o p c d .  Par : icular ly  n c c d c d ,  
:lcvin:, Lcnsii.lviticc. in  i i nca r i t i c s  iGT acc,ic!rciicns seve ra l  o rders  of m a g n i t u d e  

- 4  

IC - rllcn j: :cd i n  currci; ;  ,.,;:o-,,irust a?pl i  icx.  i info: tunatcly the luck  of a v a i l a b l e  
i and s F c c i f i c a t i o n  work i n  th i s  c r c a .  

!,?is a c c c l c r o m c t c r  is to be uscd f o r  th rus t  

Thc re  
2 of LI, c l c c t r o s t a t i c u t  ly suspcndcd ,  a c c c l e r o m c t c r  

- 

rncasur, .-nt of ion c n g i n c s  in  f u t u r e  o rb i t a l  m g i n c e r i i l g  f l i q h t s .  This . .  
, . wi th  su i tub le  mod i f i ca t ions  f o r  

i n c r c a s c d  scnsi  tivi3/./, c a n  givc c a r l y  ins ights  i n t o  the  problcrns of m c o w r i n g  low a c c e l e r a t i o n s .  

A r c sca rch  task unL,.wcy at  Ames, Figure  8, c o m -  
b i n c s  . -,ncit a n d  control studicr.  c imcd G: so lv ing  
t h c  zero zcro l a n d i n g  prob!,ni of i h c  sho:: !?cJi 
commercia! air1 i n c r  w h c n  o p c i a t i n g  i n t o  rciai-ivcly 
s m a l l  aii-?oris n o t  c q u i p p e d  wirh  all of t' nC PCiG- 
p;,Zi-nal;a a v a i l & ; e  to today's idt t-iai-.;po;i;. I h e  
conccpi -  uses r a t h e r  p rcc i sc  on- iocrc :  i n c .  : , C I  

n a v i g a t i o n  ..<, 

i-cxu.-J, a n d  dic;iGl ~ ~ ; : , + : d r  zq,,:y;rrtcni- in :-ne 
a i l -p ianc ,  combincL.  wiih bi-u..L-r;~ed, s implc ,  
c ;cdra tc ly  !ocai-, < I-cdar rcpcai-crs p !accc  n e a r  

-- 

., fo:-v/a;i I G . < ~ T , ~  L : ~ ~  ,Gpplcr 
- ,  

-- 
the c p p r o a c h  e n d  of the runway .  , h e  pilot, " -  a 

hav:-,g cor.ipIet-c ar.d p rec i se  k n o w l e d g e  of the 
Tu.. ~y pos i t ion  p resen ted  to h i m ,  flics the a i r -  
c : ~  
Sys:c.m s imula t ion  resu l t s  h a v e  b e e n  q u i t e  e n c o u r a g i n g  c n d  f l i s h t  fcsts of a r c p r c s c n t a t i v e  . .  system 
wi! I be c o n d u c t e d  soon .  
I . .  

!'ig. 8 
;.? a p x u d c - v i s u a l  m o d e  to a blind l and ing .  

T h c  pcrf :":hich a piiot may  play i n  con t ro l l i ng  a v e h i c l e  is  a l w a y s  of in t e re s t .  
c q u i p p c d  w . , ~  a i u l i  set of instruments ,  is  a b o a r d  a larse :pace  boos te r  b e i n g  s e n t  o n  a S ~ : C C  

mission,  w h a t  role c a n  the pilot p l ay  in  mak ing  mo;;. : ,Gci-ive the con t ro l s  in that  boosrcr :  
c:*.:wc~- . 3 : ~  ques;:on i t  w a s  pos fb , c t cd  that a pilot couic;  Lcnt ro l  du r ing  boost a n d  migh t  c v ~ n  pci- 
form be;ier t h a n  a C O ; ; ~ ~ ~ C ; ~ ~ ~  a u t o m a t i c  a u t o p i l o t  i n  casL; J: par t i a l  f a i l u r e  of the c l c c t r o n i c  
systcm. 

I f  a p i lo t ,  

-r  To 
1 -  

A prci:i;minar\/ dcmons f ra f ion  was mounted  by . / a s h a l l  scicnt ibts ,  using a n  Amcs  s imulu io :  L! 
cnd wi ih  i h c  i.:d of Amcs c n d  F l igh t  experic:raA; i n  m a n n e d  f l i g h t  con t ro l .  
s h o w c d  t>,c. .,.e pilot \=oulL ,ontrol t h e  v c h i c a d ,  g iven  proper ly  d i sp laycd  ;n fo rma t ion ,  

T h c  dcinonst:i.::J.t 
I ,  

i . d L d . c .  

6 



Fig. 9 

Fc.-irre s imula t ion  work  ,Icncj ~.:esc l incs  is p l anned  to ex'icnc: :\-.:L cnclysis  to p i l ~ : , ~ '  2.3,c 

boos te r  c o n c e p t s ,  w h e r e  pilot coni-roi may grea t ly  s implify ~ ~ : c c . ? c c  ar.6 cont ro l  cc;~,:, 
rcqui rcments .  

:- 

r -  
i i ;~ i i13  oilr  a t t e n t i o n  from f l i gh t  systems to some 
t ~ c j j :  of t h c  f l i s h t  coni-rol i nvcs t iga to r ,  Figu:-c l G l  

~ U I G ~ O Y  shown i s  uscd fo r  some rcla;cd work. 
c h a n g e a b l e  p i lo t  cnclosurcs- the onc 

 it^;.^: ;:, G Gemini cnclo:ui-c-will h o u s c  oiic or two  
r~i ( : :~ ,  r:,:,k,,-,;(;d on a t en - foo t  diamci-e;  s!mbal ringl 
IiyciI-ouiiczI ly d r Ivcn  by a cornpufci-, :,,,: + , o w n .  
The cornputcr  has wi th in  i t  t h e  c ~ q u u ~ i o . . ,  O T  motion 

. I .  2. Where  t h c  sirnulotie!! C G ~  bc  
Lb.;& ,,,'''.. .. , i t ,  c.  ; : A L G -  base s imula tor ,  w h e r e  tiic pilot 

, .  cf a I ! l c  1.. ,, simulated v c h i c l c ,  a n d  in t-ui-n i r ,  . - . . ~ < n  by 

- -  . 

. -  

: I  

- .., -" _. ..- . . .-.. . . - . 

Fig. 10 
7 



c b i l i t y  to z dJi-c human pc:forr,:cncL 

Fig. 12 

- -  T h e  f i rst  of these, stibjective r a t ing  sccic. a s  5 s b ; < ; i Z  

from h e  usucl d i f f icu l ty  wi th  s u b i c c i i v c  s c a l a  in  
!of is seldom able to d e s c r i b e  objcc- 

t ive iy  \:.i;?o: hz hc: done, but i t  i s  s t i l l  q u i d e  usc- 
f u t  for accep iab i i i t y - t e s t  pilot-sorts of i u d s -  
meni-s. 

I tl) :. ..'.7' 

I 
j 

1 ai ., , 

' 2 ~ 0 n 2 ,  c 
.. 

.;:.o! stick en-0:s are sometimes used c s  ~T~L,cs;;~-cs. 

s bo ;wLcn  such  t rac ings .  

Many  , x r a m e t c r s  of t h e  sirnulatcd 
.-corci~a, usua l ly  as pcrai l , .  s m  t racings,  cnd cr, evaiucf;crl is  Zcde  of the cornplcx  * t  

- 
C f t e n  thiriy or more cic r e q u i r d .  i h c  impor t an t  :t:irrg is 

ihc MCSS c -.uia. 
t h e  s u i i c  ;y o .,:e cont ro l  system des ign .  Experienced fligh' i  cont ro l  ensinclers  c a n  in tu iy ive iy  
d e r i v e  mi!-. 
f ly ing  b i - : ~ ~  on such  i n t u i t i v e  onc lyses .  
dc-rivcd from these instcn;cr,,ous crrors, such G: i n t c s ra red  a b s o l u t e  error a n d  RMS cr ror ,  do noi 
c o r r e l a t e  b e t w e e n  thcrnsclv,,, c:i..d a n  e v e n  1;. ; relicLJie co r re l a t ion  i s  c b t a i n c d  bei-ween thcsc 

Evcn wi th  this mass of data, c e r t a i n  CGnClUSiGnS seldom con  bc drawn  regwd1ng 

- -  ~ ~ , ~ , n a t i o n  f rom such  a record ,  a n d  of course  many successful  vehicles ~ r e  n o w  
But r!?c metkoc! IC-avcs much to bc des i r ed .  M ~ C S G ~ C L  

d .  - I .  
RCU:U:*CS unci .;,e design .>eins 

8 
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, , a i . .  " I ? , , , .  1 
I 

I . -  
I 

. . _  , , .... 
1 

Fig. 15 

,,.:. .I 1 I , 

Fig. 16 





p"": p z c  ts . 
.,., .. .,, . , 

. .. . ,i i <: . .  

. -  I 
T;:c fil-si t e c h n i c a l  area is thct ci t h e  scnw; or 

Fig. 1 

Fig. 3 

i3 



Fig. 4 

- ' - - I - ' . - . .  - 
I I . ~ . . . ____ .  La:-._izy Research 

C e n t e r  h a s  p i - f o r m e d  il f l i g h t  c x p e r i m c n t  c v a l u a -  
;ing gcmma rcys as ihc s o u r c c  fo r  a b a c k s c a t t e r i n g  
2:cvicc. (Figure 5) Gcrnrnc ray, c ~ i '  cmit;ed a n d  , .  

..'a i i , L  I nar,-:>cr ; z f l e c t e d  back p;ov;;'cs CI m c a w r c  of 
+he (.'-'"'- .41,d; ,::cric densib/ .  Rcsul :_ u! t h e  f l i g h t  test 
indlcc;-c ,.-.c: we c a n  accura:?;i/ ; - . . ~ u x r c  atrnos- 
p h e i i c  i;c:e;:.i:Ies at a!ti tudi.s  i n  i.:xcc~s of 300,CCO 
feet. Effort is b e i n g  pursued using X-ray a n d  
u l t ra -v io le t ,  as wel l  as c l e c t r o n  's-cms, as the 
:Gurce for a b a c k s c a t t e r i n g  ins t rument  to mcasu rc  
c;tni~sphci-ic d e n s i t i e s  a t  al t i tude:  in CXCC:S of 
i>GO,  000 feet. 
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i?;zao:ch cffort at  Goddcrd J;;CCC Fl i9h t  C e n t e r ,  
and also a t  L G G C J ~ C ~  Resecrch C e n t e r ,  is o n  tlie 
:cmc p r l n c i p l c  cxcc-pt t h e  c o r n c r  r c f l c c t o r  it:c.If 
is rncdulatcd. The sum total of thcsc technique:  
will ailow us to c o n s i d e r  a c c o m p l i s h i n g  c p t i c a l l y  
zuch th ings  as l u n a r  s u r f a c e  cornrnunicctions over 
d..-,z horizon; a n d ,  tor s o m e  cpiicc:-;,.;:, to lcavc 
t:?e i - r a m m i t t e r  O F F  i h c  s p c c e c m f t  and i n  i t s  place 
put a n-iodulatible c o r n e r  rcflcctor a n d  i n t c r r o g u f c  

Ar.;;;?cr a?~iicci-:c;n mic;h-i be whcrc a n  ostrocauf, e x p l o r i n g  the l u n a r  sur-  

. -  

I-- - ;-is. , /  
i t  wit:: a !L;er b e a m .  
fccc', puis  a c o r z c r  rcf!cc!-or o n  ::Is kc!mki., and i-hc mother ship c o u l d  l i s ten  to h im talk by 
L ! i i E i n g  a bc~r,- :  at h is  h c l m c t .  - .  

, ,., ." ,., ,,, 
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